implementation of systemic therapy. Ophthalmological assessment has not yet been standardized. The aim of this article was to provide clear recommendations for ophthalmological assessment during follow-up of patients with cystinosis to improve quality and regularity of ophthalmological care and thereby minimize ophthalmological complications. A literature search was performed to assess previous and current recommendations on examinations to conduct during follow-up of patients with cystinosis. Multidisciplinary cystinosis clinics were set up in collaboration with the Department of Ophthalmology and the Department of Pediatric Nephrology to allow patients to be seen by a nephrologist, an ophthalmologist and other specialists on the same day. Based on the results of these multidisciplinary clinics the standardized clinical ophthalmological assessment was drafted. This is a protocol for follow-up, describing the approach taken regarding ophthalmological follow-up of patients with cystinosis, considering the different types of the disease and the time since diagnosis. Standard examination includes history, visual acuity, tonometry and slit-lamp examination, with fundus photography performed at diagnosis and annually thereafter. Confocal microscopy is the imaging modality of choice, while anterior segment optical coherence tomography (OCT) is a good alternative. Finally, posterior segment OCT for imaging of the macular region and optic nerve should be conducted on an annual basis.
INTRODUCTION
Cystinosis is a rare autosomal recessive lysosomal storage disease, with an incidence of approximately 1 case per 100,000-200,000 live births [1] . The disorder results from mutations in the CTNS gene, mapped on chromosome 17p13.2, which encodes the protein cystinosin, the lysosomal membrane transporter responsible for cystine egress [2] . Impairment of cystinosin leads to the accumulation of cystine within lysosomes and the formation of characteristic crystals. The accumulation in numerous tissues, including the kidneys, eyes, bone marrow, liver, spleen, pancreas, thyroid, muscle and brain causes various clinical symptoms [2, 3] .
Patient cases of cystinosis were first reported by Abderhalden in 1903 [4] . However, clinical understanding of the disease did not progress until the early 1930s, when Fanconi, deToni and Debré individually described a generalized renal tubular disorder in children, de Toni-Debré-Fanconi syndrome, or Fanconi syndrome [1] . The modernization of clinical research in the 1960s led to the identification of the amino acid cystine in tissue samples of affected children [5] and by 1982, further research determined that an impairment of lysosomal membrane transport was the basic defect in cystinosis [6] . To date, more than 100 CTNS mutations have been elucidated, the most common in the North European population being the 57-kB deletion [7] .
Clinical Characteristics
Clinically, there are three different types of cystinosis, the most frequent (95% of cases) and severe type being the classic infantile cystinosis (Figs. 1, 2) . It is the most common inherited cause of renal Fanconi syndrome in children and, if left untreated, it leads to failure to thrive, growth retardation and inevitably to end-stage Ò fundus photograph of a 15-year-old patient suffering from the infantile type of cystinosis renal failure, prior to the end of their first decade of life [8] . The intermediate nephropathic form is less frequent and presents with milder symptoms compared to the classic infantile form, at an older age during childhood, adolescence or even adulthood. These patients do have renal impairment but do not suffer from growth retardation or profound tubular dysfunction. Lastly, the non-nephropathic or ocular cystinosis, the least frequent form, is characterized only by photophobia, due to corneal crystals, without systemic involvement [8] . In 1976, Thoene and colleagues [9] described the cysteine-depleting properties of oral cysteamine. Treatment with cysteamine resulted in the formation of a cysteamine-cysteine mixed disulfide compound, which is able to exit the lysosome via the PQ-loop repeat-containing protein 2 (PQLC2) transporter [10] . The introduction of cysteamine as systemic treatment and pediatric renal replacement therapy provided the possibility for these patients to survive.
Early treatment with oral cysteamine proved to reduce and delay deterioration of renal function, improve growth and prevent late non-renal complications [3, 11] .
With the advent of both therapies, there was a dramatic change in the clinical course of cystinosis. Life expectancy of patients significantly improved. This general improvement of patient's health has transformed our approach to complex complications in non-renal tissues [12] . Currently, corneal crystal deposition resulting in photophobia and retinopathy potentially leading to blindness are two of the most troublesome ocular complications affecting patients with cystinosis. The cystinosis patient nowadays should receive early ophthalmological care in order to reduce not only corneal involvement, but also to prevent detrimental retino-and opticopathy, which can have great impact on patient quality of life.
Ocular Manifestations
The eye can be considered as the window to cystinosis, reflecting its severity through its glassy pane, the cornea [2] . In 1941, Burki was first to describe the presence of cystine crystals within the cornea and conjunctiva as a myriad of small, white, shining sequin-like crystals, which are deposited on the superficial layers of the parenchyma, while respecting the limits of the epithelium and endothelium [13] . These needle-shaped, highly reflective cystine crystals are pathognomonic for cystinosis and can be visualized by slit-lamp examination [14] . According to Gahl and colleagues, in patients with the classic infantile form, the crystals are visible from the age of 16 months onwards but can be visible earlier by an experienced ophthalmologist. They accumulate progressively in the first few years of life, but at different rates in different patients. Corneal crystal deposition begins in the anterior peripheral cornea and progresses more centrally and deeper into the stroma [15] . For many years, it was not known if the endothelium was also involved, but better visualizing techniques, such as confocal microscopy, confirmed packing of crystals in the epithelium and the stroma, but not in the endothelium [16] . The accumulation of corneal crystals progresses with age, rarely affects central vision, but is considered responsible for many debilitating symptoms. The first and most frequently reported ocular symptom in cystinosis is photophobia [17] . Photophobia may be due to the accumulation of corneal cystine crystals but its exact pathophysiology in relation to crystal deposition and corneal tissue change remains unclear [2] . Recurrent corneal erosions, blepharospasm, chronic red eye, superficial punctate or filamentary keratopathy with ensuing foreign body sensation and band keratopathy or glaucoma can also complicate long-standing cystinosis [12] . The differential diagnosis of corneal cystinosis crystals [18] includes diseases with crystalline-like deposits such as tyrosinemia, gout, multiple myeloma [19] and Bietti crystalline corneal dystrophy. Acquired depositions from drugs such as gold in chrysiasis, silver in argyriasis, can also result in corneal deposits but are less frequent nowadays. Hypolipoproteinemias such as fish eye disease, lecithin-cholesterol acyltransferase-deficiency (LCAT) and Tangier disease should be considered, especially in young children. In the 1960s and 1970s, cystinotic retinopathy, described as patches of depigmentation with pigmentary mottling progressing posteriorly, and a maculopathy with decreasing visual acuity were regularly described. Crystals have been reported to appear in the anterior chamber, in the uvea and optic nerve [20, 21] . Awareness of symptoms caused by primary intracranial hypertension such as episodes of acute visual loss or optic nerve involvement is crucial. This possible association was described in cystinosis patients with an Arnold-Chiari anomaly, chronic kidney disease, initiation of growth hormone therapy, tapering of corticosteroids and possibly suboptimal disease control [22] .
The mainstay of cystinosis therapy, oral administration of cysteamine, reduces systemic cystine accumulation. In developed countries, all patients are now systematically treated with oral medication. This combined with the fact that the retina is a highly vascularized structure means that the rate of maculopathy and retinopathy has substantially declined. However, oral cysteamine has no effect on corneal cystine crystals [23] , because of its avascular nature. Topical treatment with standard cysteamine hydrochloride (CH) eye drops (0.1%) has long been shown to be effective in reducing corneal crystal density and alleviating symptoms [24] .
However, several problems are associated with this formulation, including frequency of administration, stability and bioavailability. It is recommended to administer the cysteamine hydrochloride eye drops hourly during waking hours, starting after diagnosis [14, 25, 26] . This is difficult to achieve for most patients, and those who are unable to adhere to this regimen are encouraged to use the drops at least six times a day. Furthermore, cysteamine oxidizes to disulfide at room temperature [27] , loosing potency [28] and releasing an unpleasant odor in the process. In addition, some patients complain that it causes a stinging sensation when applied. A more viscous formulation (CH 0.55%) has recently been developed (Cystadrops Ò , Orphan Europe, Recordati, Puteaux, France; granted marketing approval within the European Union in October 2016) [29] . It is as effective and safe in reducing corneal cystine crystal density and superior to treatment with cysteamine hydrochloride 0.10% drops and only requires administration four times a day [30] .
In rare diseases, such as cystinosis, there is a lack of standardized guidelines for ophthalmological assessment and appropriate follow-up of patients. The aim of this article was to produce such a guideline. The current literature was reviewed and findings were combined with clinical experience to produce a document to guide scheduling of follow-up visits and present a protocol for ophthalmological examination for patients with cystinosis.
METHODS

Literature Search
A Medline search was carried out by two authors (AMP and MTH) who independently performed different and parallel searches in September 2015. The main keywords ''cystinosis'', ''follow-up'', ''corneal crystal load'', ''ophthalmological complications'', and ''treatment'' were used to outline the scope of the literature. The search terms were used for all fields (title, abstract, keywords and full text) and all article types were included. To supplement the search, expert opinion was sought during the Ophthalmological Symposium on Cystinosis in Salzburg in October 2015. Further sources were identified by searching reference lists to identify relevant studies and by following internal citations. The search was repeated for new references in March 2016, September 2016 and April 2017.
Clinical Setting
Multidisciplinary cystinosis clinics were established by combining appointments for the nephrology and ophthalmology departments of the University Hospitals Leuven, which allowed patients to be seen by a nephrologist, ophthalmologist and other specialists on the same day. All patients with cystinosis treated at the University Hospitals Leuven were routinely included in these clinics. At the end of the first and second follow-up appointments, all patients and their companions were asked to give feedback (positive and negative) on the process, which was then recorded in their file.
This article does not contain any new studies with human or animal subjects performed by any of the authors.
RESULTS
Literature Search Results
Nearly 70 articles in English were identified and their content was examined. We selected peer-reviewed articles, preferably published in a high-impact factor journal. An exception was made for some articles in specialized journals because some of these have lower-impact factors. This literature review served as a basis for generating a follow-up ophthalmological assessment for patients with cystinosis.
Creation of a Follow-Up Assessment Schedule
A follow-up assessment schedule, for use within the multidisciplinary clinics, was created in order to structure follow-up consultations for patients with different types of cystinosis (Fig. 3) . Given most patients are not familiar with the disease at diagnosis, we propose seeing them four times in the first year after diagnosis. This was to guide ocular treatment, listen to the patients' experience and to be able to inform them on a regular basis about the special ophthalmological needs, promote patient self-care and motivate them to adhere to the ocular cysteamine treatment. These consultations at diagnosis, 3-, 6-and 12-months post diagnosis were simultaneously held at the nephrology department to minimize hospital visits and maximize patient support. Slightly different follow-up schedules were derived depending on the time after diagnosis to familiarize patients with eye examination and not burden them with difficult examinations too soon (Fig. 3) .
Ophthalmological Assessment
After reviewing the literature, an extensive number of publications on the many different diagnostic tests for cystinosis were found. These included visual acuity measurements, slit-lamp photography, IOP measurement, corneal pachymetry, corneal sensation, specular microscopy, gonioscopy, ultrasound biomicroscopy, dilated fundus exams, as well as technical examinations (ERG, ICVM, OCT, perimetry, corneal pachymetry). However, there were no detailed, up-to-date articles on regular ophthalmological follow-up of patients with cystinosis. Below, we propose our methods of assessment, which provide a more in-depth ophthalmological analysis of the cystinosis patient.
Medical History
Obtaining a full medical history from every cystinosis patient is crucial. Objective data, such as clinical type of cystinosis and the responsible Fig. 3 The standardized clinical ophthalmological assessment, a protocol for follow-up of patients with cystinosis. AS-OCT anterior segment optical coherence tomography, CM confocal microscopy, FE fundus examination, FP fundus photography, SE standard examination, PS-OCT posterior segment optical coherence tomography, SP split-lamp photography. Standard examination (SE) includes history, visual acuity, tonometry and slit-lamp examination mutation, the presence of positive familial history, familial or personal history of glaucoma and medications, especially systemic cysteamine medication, should be carefully recorded. Secondly, a history of the patient's personal experience concerning sharpness of vision, grade of photophobia, quality of night vision and eventual pain should be obtained, as indicated in Table 1 .
Given its subjective nature, the degree of photophobia is a difficult parameter to measure accurately. Therefore, a self-and clinician-assessed evaluation of photophobia scaling system is used ( Table 2 ; previously published for vernal keratoconjunctivitis or other inflammatory ocular surface diseases) [17, 31] . Liang and colleagues recently published this scoring scale in cystinosis patients [17] . They evaluated clinician-assessed photophobia with slit-lamp biomicroscopy with a score modified from a previous study [17] .
Visual Acuity
Best-corrected visual acuity (BCVA) at distance is measured using a Snellen chart at 6 m. BCVA for near visions is tested one eye at a time using the Parinaud scale.
Tonometry
Intraocular pressure is measured using a portable rebound tonometer (Icare Ò , Icare Finland Oy, Helsinki, Finland) [32] or the standard Goldmann tonometer.
Slit Lamp Biomicroscopy
A summary of the slit-lamp assessment is presented in Table 3 .
Examinations of the eyelids and conjunctiva are performed first, followed by inspection of the cornea, iris and lens. Regarding the conjunctiva, the presence of cystine crystals is noted and the level of bulbar conjunctival hyperaemia is quantified using the Cornea and Contact Lens Research Unit (CCLRU) grading scale. The observer quantifies the degree of bulbar conjunctival redness at the slit lamp in comparison to the CCLRU hyperemia standards, which provide a set of photographic images with four degrees of redness; very slight, slight, moderate, severe. Corneal fluorescein staining is scored using the Oxford scale in which staining is represented by punctate dots on a series of panels (A-E). Staining ranges from 0-5 for each panel [33] . Evidence for The slit-lamp scoring system or corneal cystine crystal score (CCCS), created in 2000 by Gahl and colleagues and based on slit-lamp photographs of corneas with increasing cystine crystal densities (0.00-3.00), is the oldest scoring system and has long been widely used to assess the degree of crystal accumulation in patients with nephropathic cystinosis [2] .
Fundus Examination
After dilation with tropicamide 0.5% and phenylephrine 10%, the fundus is inspected for crystals on the retinal surface, depigmentation of the retina and alterations of the pigment epithelium. Optic disc, macula and vessels are scored. In case of abnormal appearance, details are noted. Documentation of the fundus is performed with an ultra-wide field fundus camera (Optos Ò , Marlborough, MA; Table 4 ).
Technical Examinations
The best imaging technique to identify and to quantify cystine crystals in the cornea is in vivo A posterior segment optical coherence tomography (PS-OCT) is also performed for each patient to examine the macula. Flash electroretinogram (ERG) was once a method to examine retinal function in cystinosis patients. Since all patients in the clinic are on oral medication, retinal problems are rare; therefore, we do not recommend regular follow-up with ERG, except if symptoms emerge.
Follow-up Assessment Schedule
Both infantile and juvenile cystinosis are chronic diseases requiring regular hospital visits. The multidisciplinary clinics of the nephrology and ophthalmology departments allow patients with cystinosis to be seen by different specialists on the same day.
Based on clinical expertise regarding patient care and motivation and medical follow-up of patients with corneal crystal accumulation, an examination schedule was created-the standardized clinical ophthalmological assessment (Fig. 3) . This schedule takes into account the different types cystinosis and the time since diagnosis. It was composed as a supporting structure in order to achieve regular and consistent follow-ups and provide a guide to all ophthalmology and nephrology specialists in our hospital. Furthermore, it also serves a guide for the patient by providing information on what to expect when going for a routine follow-up visit. This schedule was produced to prevent challenges in cystinosis follow-up and achieve better results, both physically and mentally with a focus on the patient.
In patients with infantile or juvenile cystinosis, a first ophthalmological exam is conducted at diagnosis, 3 months post-diagnosis, and every 6 months from then on; ocular cystinosis only requires annual follow-up. Standard examination (SE) includes history, visual acuity, tonometry and slit-lamp examination. Depth of corneal crystal deposition is quantified subjectively at 0-25-50-75-100% of central and peripheral corneal thickness deposition. Fundus photography should be performed at diagnosis and annually thereafter. The technical examination should be adapted to the devices the ophthalmologist has access to. However, confocal microscopy is the imaging modality of choice, if available, although this examination is not to be performed at the first visit. If confocal microscopy is not available, anterior segment optical coherence tomography (AS-OCT) is a good alternative. Finally, it is recommended to conduct PS-OCT for imaging of the macular region, on an annual basis.
Semi-annual follow-up appointments are scheduled at the University Hospitals Leuven after the first year post-diagnosis. A complete ophthalmological examination, which contains an SE, conducting OCT while dilating, followed by a fundus examination takes approximately 1 h and 20 min per section.
Multidisciplinary Clinics and Patient Feedback
Of the patients old enough to understand the concept of the multidisciplinary clinics, 100% reacted positively. In younger patients, mainly Patients and their families also highly rated the fact that both the ophthalmology and nephrology appointments were scheduled for the same day, which halved the amount of hospital visits per year. Because the response from patients was unanimously positive, no alterations to the schedule were made based on this feedback.
DISCUSSION
The literature research did not yield a comprehensive article that focused solely on the ophthalmological follow-up and summarized the cost-and time-effective methods for follow-up. Furthermore, many of the diagnostic tests described in the literature, such as ERG, perimetry and pachymetry, have been outmoded by confocal microscopy and OCT. A 2015 article by a Spanish group in Nefrologia [34] provides excellent general guidelines for the treatment of patients with cystinosis. This article is, however, more focused on the nephrological rather than ophthalmological element and does not provide in-depth ophthalmological guidelines. The guidelines do not propose a method for quantifying corneal crystals during follow-up. Also, their annual follow-up schedule is, in our opinion, not suited for patients who have recently been diagnosed, because, in our opinion, they need to be seen on a more regular basis. A second article published by this group in 2016 [35] proposes recommendations to aid the transition of cystinosis patients from pediatric to adult care. In comparison to pediatrics, adult care patients are often seen by different professionals, primarily focused on their own specialty. This entails the risk of ''fragmentation of care'', with possible negative repercussions on patients' health.
Regarding ophthalmological follow-up in our hospital, the same follow-up assessment is used in youngsters with cystinosis, seen by our pediatric ophthalmologist up until the age of 25, as in adult patients, seen by the anterior segment specialist, to provide a continuum of care. Diagnosis, treatment and follow-up of patients with cystinosis present a number of challenges. Treatment is limited to eye drops or a gel solution, which are not always well-tolerated. Ophthalmological assessment of cystinosis patients is very complex. Researchers have agreed that an accurate measurement of the corneal crystal load is essential in assessing disease progression. The CCCS scale by Gahl and colleagues is widely used to assess the degree of crystal accumulation in patients with nephropathic cystinosis [2] . In clinical practice, the maximum score of 3.0 is quickly reached and does not allow the clinician to gauge the evolution of corneal crystals in more advanced cases. Therefore, the CCCS is, in our opinion, inadequate for follow-up ophthalmological examination of patients with cystinosis. AS-OCT is a non-contact imaging modality that may be an alternative to the CCCS score since it can provide an estimation of the depth of corneal crystal deposition. However, technical modalities that can quantify corneal crystals objectively are preferable. Among these, ICVM is the gold standard. However, its results are highly variable across technicians and the device is not widely available. Furthermore, the procedure represents a source of inconvenience to the patient. We recommend that confocal microscopy is performed at the second visit, after a healthy physician-patient relationship has been established and the patient has been informed about the procedure during the first appointment.
The rebound tonometer is easier to use in awake, young children but we prefer using the standard Goldmann tonometer as soon as the patient is old enough and consents to it [32] .
Three population-based studies indicated that the risk of acute-closure glaucoma after dilation is extremely low [36] . In patients with narrow angles or those with obvious iris crystals [37] , the risk of angle-closure glaucoma should be assessed by gonioscopy prior to installing dilating drops.
All patients receive post-dilation fundus photography by Optos, an ultra-widefield retinal single-capture imaging device that is generally well-tolerated, even by very photophobic patients. It allows us to examine the fundus even when strong photophobia is an issue.
In the long term, it is important to listen to patients and encourage them to continue the regular use of eye drops, inform them about progress in the field and assess the evolution of crystal accumulation and associated symptoms in order to adapt the treatment as much as possible. It should be noted that the standardized clinical ophthalmological assessment is a representation of how follow-up of cystinosis patients is conducted in our hospital. International guidelines remain to be addressed in a future publication. We plan to continue our multidisciplinary clinics and hope to be able to compare this work on a to be drafted consensus document in the future.
No previously published study has investigated the effectiveness of a multidisciplinary approach to the treatment of this condition compared with usual care, likely due to the rarity of cystinosis. However, several studies have been conducted to evaluate its effectiveness in other conditions. Two retrospective studies that focused on pediatric patients with chronic kidney disease compared clinical outcomes in those who were treated by a team of specialists and those who received regular care [38, 39] with significantly better results in the former group in both studies. A study conducted of high-risk elderly patients showed significant reduction in health care utilization and improvement in the quality of life after consultation with a multidisciplinary team of medical professionals [40] . However, although a multidisciplinary approach is effective, it may also result in higher treatment costs [41] .
CONCLUSION
A number of devices and techniques can be used in ophthalmological assessment of patients with cystinosis. The standardized clinical ophthalmological assessment presented here represents a diagnostic, treatment and follow-up algorithm that is based on extensive clinical experience. In systemic diseases such as cystinosis, a special emphasis should be placed on a multidisciplinary approach to treatment in order to achieve the best clinical outcome.
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